Introduction
The reduction of an isolated double bond is not possible using electrochemical methods, however when the double bond is conjugated with an electron withdrawing group such as a carbonyl it becomes reducible in the accessible potential range. 1 This can be explained by the fact that conjugation lowers the energy of the lowest unoccupied π-orbital which results in a less negative reduction potential. There are a few reports on the electrochemical reduction of activated alkenes such as α,β-unsaturated ketones. 2 In these studies it was demonstrated that the electrochemical reduction of unsaturated ketones involves an initial electron transfer to the ketone producing a radical anion which undergoes protonation followed by other chemical or electrochemical processes.
2 Thus, the radical anion may dimerize or it can be reduced to give the saturated ketone. 1, 2 For some years now we have been interested in the synthesis of dehydroamino acid derivatives and in using these compounds as substrates in several types of reactions. 3 As part of this work we have been studying the electrochemical behaviour of dehydroamino acid derivatives. Thus, it was possible to develop an efficient method for the synthesis of 2,5-diaminoadipic acid derivatives by controlled potential electrolysis of N,N-diprotected dehydroalanines. 4 Recently we investigated the electrochemical behaviour of β-halodehydroamino acids and found that these compounds show higher reduction potentials when compared with those of the corresponding dehydroamino acids. 5 Controlled potential electrolysis of the former afforded the E-isomers of the dehalogenated dehydroamino acids. Although there are many reports concerning the chemical reduction of α,β-dehydroamino acids, 6 to the best of our knowledge the electrochemical reduction of β,β-disubstituted dehydroamino acids has not yet been described. Since dehydroamino acids can be considered activated alkenes we decided to study the electrochemical reduction of β,β-disubstituted dehydroalanines obtained by a Suzuki-Miyaura cross-coupling from β-halogenated dehydroamino acids and arylboronic acids. The photophysical properties of some of the saturated amino acids prepared were evaluated in solvents of different polarity and compared with those of the corresponding β,β-diaryldehydroalanines.
A R T I C L E I N F O A B S T R A C T

Results and discussion
Several β,β-diaryldehydroalanines were prepared from a β,β-dibromoalanine 7 or from a β-bromodehydrophenylalanine 3d and aryl boronic acids by a Suzuki-Miyaura coupling reaction (Scheme 1). 
Scheme 1
Cathodic peak potentials of compounds 4a-d, 5c and 6a were measured by cyclic voltammetry at a vitreous carbon electrode in dimethylformamide containing 0.1 mol.dm -3 of Bu 4 NBF 4 as supporting electrolyte (Table 1 ). All cyclic voltammetry plots were irreversible which may be due to a rapid chemical reaction of the radical anion formed in the first electron transfer. An identical feature was reported for the reduction of 1,3-diphenyl-2-propen-1-ones (chalcones).
2 From the cathodic peak potentials presented in Table 1 it is possible to observe that all compounds studied have similar reduction potentials. Also when these potentials are compared with that of the methyl ester of N-tertbutoxycarbonyldehydrophenylalanine (Boc-∆Phe-OMe, -1.84 V vs ECS) 4 it can be concluded that the presence of a second aryl moiety at the β-carbon atom does not significantly influence the reduction potential. The next step in our investigation was to attempt the electrochemical reduction of the α,β-double bond in the dehydroamino acid framework. Thus, compounds 4a-d, 5c and 6a were submitted to controlled potential electrolysis in acetonitrile using Et 4 NCl (0.1 mol.dm -3 ) as supporting electrolyte and Et 3 NHCl (0.04 mol.dm -3 ) as proton donor (Scheme 2). It was found that the only products isolated were the corresponding β,β-diarylalanines (7a-d, 8c and 9a) in good to high yields (Table 2) . This result is different from those reported for α,β-unsaturated ketones and N,N-diprotected dehydroalanines. In the case of α,β-unsaturated ketones the reduction products include the saturated ketone and a dimer. 1, 2 N,N-diprotected dehydroalanines give upon electrochemical reduction the corresponding diamino dicarboxylic acids. 4 1 H NMR spectra of compounds 7a-d clearly show the presence of two signals, one doublet between 4.38 and 6.12 ppm and a broad triplet between 5.08 and 5.31 ppm, originated from the β-and α-CH protons of the alanine derivatives. Also in the 13 C NMR spectra it is possible to observe the presence of two signals between 42.40 and 57.01 ppm that correspond to the α-C and β-C atoms of the saturated system. In the case of compounds 5c and 6a, 1:1 diastereomeric mixtures were obtained showing that, as expected, the reaction is not stereoselective. The results obtained are consistent with the mechanism proposed for the reduction of α,β-unsaturated ketones to give the corresponding saturated ketones in protic media. 1 According to this mechanism the first step in the reduction of the β,β-diaryldehydroalanines would be the transfer of an electron to give the radical anion. This radical rapidly protonates and tautomerizes to give an alkyl radical that is more easily reduced than the reagent and is converted into the β,β-diarylalanine (Scheme 3). Although reported for α,β-unsaturated ketones and esters, we did not detect the formation of dimers. This can be attributed to the sterical hindrance at the β-carbon atom of the β,β-disubstituted dehydroalanines, as reported by other authors for the reduction of norbornenedicarboxylate. Considering that the compounds prepared are β,β-diarylamino acids that could be used as fluorescent markers, we decided to study the photophysical properties of some of the electrolysis products. The results obtained were compared with those of the corresponding dehydroalanines. Hence the absorption and emission properties of compounds 4b, 4c, 7b and 7c were studied in three solvents of different polarity (cyclohexane, acetonitrile and ethanol). The normalized absorption and fluorescence spectra of the four compounds are presented in Figures 1 and 2 . The maximum absorption (λ abs ) and emission (λ em ) wavelengths, molar absorption coefficients (ε) and fluorescence quantum yields (Φ F ) of the four compounds are presented in Table 3 . These compounds present high molar absorption coefficients at the lowest energy band (ε ≥ 1.1×10 4 mol -1 .dm 3 .cm -1 ) in the three solvents studied (Table 3) , pointing to π→π* transitions. These ε values are significantly lower for compounds 4c and 7c than for 4b and 7b, due to the different chromophore groups present (two naphthyl groups in the former case and two biphenyl groups in the latter). In fact, biphenyl has a higher molar absorption coefficient than naphthalene (≈16000 M -1 .cm -1 at 247.5 nm and ≈ 6000 M -1 cm -1 at 275 nm, respectively). 10, 11 A methyl ester group is present in all compounds and it is known that many carbonyl compounds present a low-lying n→π* state. The π→π* and n→π* electronic transitions can be nearby in energy, resulting in state-mixing. 12 The high values of the molar absorption coefficient can be explained by a predominance of π→π* character in these compounds (Table  3 ).
The influence of the solvent in the absorption spectral shape is negligible for all compounds. The absence of the α,β-double bond in compounds 7b and 7c, which does not allow conjugation between the aromatic moieties and with the carbonyl group, causes a shift of the lowest energy absorption band to lower wavelengths, when compared with 4b and 4c, respectively (Figures 1 and 2) . The emission bands of the β,β-disubstituted dehydroalanines (4b and 4c) are located at lower energies than the corresponding β,β-diarylalanine compounds (7b and 7c). A band enlargement and loss of vibrational structure is observed for 4b and 4c and also for compound 7b (Figures 1 and 2) .
Compounds 4b and 4c present low fluorescence quantum yields (Φ F < 9%, Table 3 ). The conjugation of the dehydroamino acid double bond with the aromatic electrons of the π-systems (two biphenyl groups in 4b and two naphthyl moieties in the case of 4c) and with the carbonyl group favours the non-radiative deactivation pathways. For the β,β-diarylalanines 7b and 7c the fluorescence quantum yield values increase significantly, due to the suppression of the conjugation, especially for compound 7b. Compound 7c exhibits absorption and emission spectra that roughly resemble those of naphthalene.
11
Some charge transfer (CT) character of the excited state is possible to occur, the conjugated NH group acting as the electron donor and the aromatic moieties as acceptors. A strong excited state CT was observed in pyrene-dimethylaniline derivatives. 14, 15 However, in these compounds, the electronwithdrawing properties of the tert-butoxycarbonyl and of the methyl ester groups may contribute to a decrease in the CT character.
From ab initio molecular quantum chemistry calculations, obtained with Gaussian 09 software 16 and use of a 3-21+G(d) basis set, 17 the optimized geometries of compounds 4b, 4c, 7b and 7c were obtained (Figure 3 ). In compounds with the α,β- 13 for 3b and 3c; relative to naphthalene in cyclohexane (Φ F = 0.23 at 25 ºC). [11] ; sh: shoulder.
Figures 4 and 5 display the representation of HOMO and LUMO molecular orbitals for the same four compounds. In both compounds 4b and 4c (Figure 4) , the HOMO-LUMO transition causes a significant increase in the electronic density of the carbonyl group of the methyl carboxylate substituent, more significant for 4c. It can also be observed that the tertbutoxycarbonyl moiety does not participate in the HOMO-LUMO transition of these two compounds.
In compound 4c, the HOMO-LUMO transition implies notable differences in the electronic density of the naphthyl substituents (Figure 4 , below), with a charge transfer from one naphthyl to the other and a decrease in the electronic density of the nitrogen atom, confirming the significant charge transfer (CT) character of the excited state. This can justify the complete loss of vibrational structure in the fluorescence emission of compound 4c, together with the red shift in polar solvents (4 nm between cyclohexane and acetonitrile, Figure 1) . A similar behaviour (with a significant loss of vibrational structure in the emission bands) was already observed for another β,β-diaryldehydroalanine, the methyl (Z)-2-[(tert-butoxycarbonyl)-3-phenyl-3-pyren-1-yl]acrylate that exhibits a strong conjugation between adjacent aromatic moieties. The HOMO-LUMO transition of compound 7b ( Figure 5 , above) causes strong changes in the electron density of several atoms of this molecule. While the HOMO is completely located at both biphenyl groups, upon HOMO-LUMO transition there is a charge transfer from the biphenyls to the α-carbon and nitrogen atoms and also to the carbonyl of Boc group. This charge transfer justifies the almost complete loss of vibrational structure in fluorescence emission.
A completely different feature is observed for the HOMO and LUMO orbitals of compound 7c (Figure 5) , that are completely localized in the naphthyl moieties. For this reason, both absorption and fluorescence spectra of this molecule are similar to those of naphthalene (vd. Figure 2) .
The fluorescence studies reported here show that the latter two compounds (7b and 7c), due to their reasonable fluorescence quantum yields and distinct photophysical behaviour, can be useful as fluorescent markers.
Conclusions
The electrochemical behaviour of several β,β-diaryldehydroalanine derivatives was studied by cyclic voltammetry. The cathodic peak potentials showed that these compounds can be considered activated alkenes and thus could be electrochemically reduced. Controlled potential electrolysis in the presence of an excess of a proton donor afforded the corresponding β,β-diarylalanines in good to high yields. The electrochemical reduction of the α,β-double bond of dehydroamino acids constitutes an alternative to the conventional chemical methods which use metals as catalysts.
The photopysical properties of two of the β,β-disubstituted dehydroalanines and of the corresponding reduction products were studied. It was found that although the dehydroalanines show low quantum yields their reduction products show reasonably high fluorescent yields and could be useful as fluorescent markers.
In summary, we have developed a new methodology for the synthesis of β,β-diarylalanines from brominated dehydroalanines using a sequential Suzuki-Miyaura cross-coupling followed by the electrochemical reduction of the α,β-double bond.
Experimental Section
Melting points (ºC) were determined in a Gallenkamp apparatus and are uncorrected.
1 H and 13 C NMR spectra were recorded on a Varian Unity Plus at 300 and 75.4 MHz, respectively or on a Bruker Avance II + at 400 and 100.6 MHz, respectively. 1 H-1 H spin-spin decoupling and DEPT θ 45º were used. Chemical shifts are given in ppm and coupling constants in Hz. MS and HRMS data were recorded by the mass spectrometry service of the University of Vigo, Spain; elemental analysis was performed on a LECO CHNS 932 elemental analyser.
The reactions were monitored by thin layer chromatography (TLC). Column chromatography was performed on MachereyNagel silica gel 230-400 mesh. Petroleum ether refers to the boiling range 40-60 ºC. When solvent gradient was used, the increase of polarity was made from neat petroleum ether to mixtures of diethyl ether/petroleum ether, increasing 10% of diethyl ether each time until the isolation of the product.
Cyclic voltammetry experiments were carried out using a HiTek potentiostat type DT 2101, and a Hi-Tek wave generator type PPRl, connected to a Philips recorder type PM 8043 and to a three electrode, home-built glass cell. For controlled potential electrolyses the electrochemical cell was a conventional twocompartment, three-electrode, home-built batch cells of the type illustrated elsewhere. [19] Spectroscopic measurements: All the solutions were prepared using spectroscopic grade solvents. Absorption spectra were recorded in a Shimadzu UV-3101PC UV-Vis-NIR spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 spectrofluorimeter, equipped with double monochromators in both excitation and emission and a temperature controlled cuvette holder. Fluorescence spectra were corrected for the instrumental response of the system. where A is the absorbance at the excitation wavelength, F the integrated emission area and n the refraction index of the solvents used. Subscripts refer to the reference (r) or sample (s) compound.
Synthesis of compounds 1, 2 and 3:
The synthesis of compounds 1 7 , 2 3d and 3 5 was described elsewhere.
General Procedure for the Synthesis of β,β-diaryldehydroamino acid derivatives
To a solution of the β brominated dehydroamino acid derivative in THF/H 2 O (1:1) the boronic acid, PdCl 2 dppf·CH 2 Cl 2 (1:1) (10 mol-%) and Cs 2 CO 3 (1.4 equiv.) were added. The reaction mixture was heated at 90 °C, and the reaction was monitored by TLC until all the β,β-dibromodehydroalanine derivative was consumed (1-3 h). The solvent was removed under reduced pressure, and the residue was dissolved in ethyl acetate (100 mL). The organic layer was washed with water and brine (2 × 30 mL each), dried with MgSO 4 , and the solvent was removed. The residue was submitted to column chromatography.
. 2 . 1 . S y n t h e s i s o f c o m p o u n d s c , d a n d 5 c :
Synthesis of compounds 4c, 4d and 5c was described elsewhere. 8 
. 2 . 2 . S y n t h e s i s o f m e t h y l 2 -(t e r tb u t o x y c a r b o n y l a m i n o ) -3 , 3 -d i p h e n y l a c r y l a t e , a :
The general procedure described above using compound 1 (160.3 mg, 0.45 mmol) and phenylboronic acid (3 equiv.) was followed to give 4a as a white solid (92.24 mg, 58%). M.p. 122.0-123.0 ºC (from diethyl ether/petroleum ether). 1 
. 2 . 3 . S y n t h e s i s o f m e t h y l 3 , 3 -d i (b i p h e n y l --y l ) -2 -(t e r t -b u t o x y c a r b o n y l a m i n o )a c r y l a t e , b :
The general procedure described above using compound 1 (161.6 mg, 0.45 mmol) and biphenylboronic acid (3 equiv.) was followed to give 4b (184.3 mg, 81%) as a white solid. M.p. 108.0-109.0 ºC (from diethyl ether/petroleum ether). 1 133.16 (C), 137.46 (C), 138.74 (C), 140.20 (C),  140.39 (C), 140.57 (C), 141.13 (C), 152.84 (C=O 
. 2 . . S y n t h e s i s o f (S ) -m e t h y l 2 -(2 -(t e r tb u t o x y c a r b o n y l a m i n o ) -3 -p h e n y l p r o p a n a m i d o ) -3 , 3 -d i p h e n y l a c r y l a t e , 6 a
The general procedure described above using compound 3 (226.5 mg, 0.45 mmol) and phenylboronic acid (1.5 equiv.) was followed to give 6a (176 mg, 78%) as a white solid. M.p. 99.0-100.0 ºC (from diethyl ether/petroleum ether). 1 ; proton donor) in acetonitrile was added to a three-electrode cell. To its cathodic compartment the β,β-diaryldehydroamino acid derivative was added and a cyclic voltammogram recorded. The potential was adjusted to a value 50 mV more negative than that corresponding to the CV peak and the electrolysis started, the reaction being monitored by HPLC. When all starting material had disappeared, the content of the cathodic compartment was concentrated at reduced pressure and the residue partitioned between 100 cm 3 of diethyl ether and 25 cm 3 of water. The organic phase was washed with water and brine (2 × 25 cm 3 each). After drying over MgSO 4 the extract was taken to dryness at reduced pressure.
